BUILDING AN ATLAS OF HIPPOCAMPAL SUBFIELDS USING POSTMORTEM MRI
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ABSTRACT

This paper presents preliminary work on the construction of
a computational anatomical atlas of the human hippocampus.
The atlas is derived from high-resolution 9.4 Tesla MRI of
postmortem samples. The main subfields of the hippocampus
(cornu Ammonis fields CA1, CA2/3 and CA4; dentate gyrus;
and the vestigial hippocampal sulcus) are labeled in the im-
ages manually using a combination of distinguishable image
features and geometrical features. A synthetic average image
is derived from the MRI of the samples using shape and in-
tensity averaging in the diffeomorphic non-linear registration
framework, and a consensus labeling of the template is gen-
erated. The agreement of the consensus labeling with manual
labeling of each sample is measured, and the effect of aid-
ing registration with landmarks and manually generated mask
images is evaluated.

Index Terms— Brain, hippocampus, image registration,
magnetic resonance imaging

1. INTRODUCTION

The hippocampus is a structure of acute interest in neu-
roimaging. It is the principal component of the declarative
memory system [1] and is of vital interest in the study of
dementia, epilepsy and other neurological and psychiatric
disorders. The hippocampus has a complex shape, being
formed by two folding interlocking layers: cornu Ammonis
(CA) and dentate gyrus (DG). Hippocampal layers and the
subfields into which they are further divided serve different
functions. Non-uniform neuron loss across the hippocam-
pus has been reported in neurodegenerative disorders [2], as
has a non-uniform rate of neuroplasticity [3]. However, the
boundaries between CA and DG are practically impossible to
distinguish in clinical MRI, except when using T2 weighting
with highly anisotropic voxels [4]. Thus, it is common to rep-
resent the hippocampus as a homogeneous blob-like structure
with a large head and a curved tail.

The aim of this work is to build an anatomical atlas of the
hippocampus that accurately describes the distribution and
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the shape of its main subfields. The applications of such an
atlas would include in vivo imaging studies aimed at detecting
structural and functional differences across the hippocampal
subfields in the context of neurodegenerative disease. A few
recent studies have sought such differentiation, but relied on
direct labeling of the hippocampus in in vivo MRI [5, 6, 4]
or labeling of geometric templates derived from in vivo imag-
ing [7]. We believe that a detailed hippocampus atlas based
on high-resolution postmortem imaging would prove highly
complementary to these studies.

Our approach involves MRI of brain samples containing
the intact whole hippocampus at 9.4 Tesla, using overnight
scans to achieve good contrast at high resolution. While oth-
ers have imaged portions of the hippocampus at even higher
resolution [8], to the best of our knowledge, this is the first
work to collect images of the entire structure with isotropic or
nearly isotropic voxels around 0.01mm? in volume. We man-
ually label hippocampal subfields relying on a combination
of discernable intensity and shape features. To combine data
from different samples, we apply unbiased image averaging
[9] based on diffeomorphic Lagrangian frame image registra-
tion. Registration accuracy is evaluated in terms of subfield
label alignment in atlas space.

Our atlas is a work in progress, with only five hippocampi
imaged so far. However, we believe that this paper establishes
a viable pipeline for achieving our goal of building a larger
atlas from 20 or more tissue samples.

2. METHODS AND MATERIALS

2.1. Specimens and Imaging

Formalin-fixed brain specimens (>21 days) from autopsy
cases with no abnormal neuropathological findings were
studied. Hemispheres were separated from the cerebellum
and brain stem and samples containing the intact hippocam-
pus and able to fit inside of a 70mm diameter MRI coil were
extracted from each hemisphere by making two incisions:
the first, orthogonal to the midsagittal plane and parallel to
the main axis of the hippocampus, passing through the cor-
pus callosum; the second, parallel to the midsagittal plane,
removing the lateral-most third of the sample.

Imaging took place on a 9.4 Tesla Varian 31cm horizon-
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Fig. 1. Images of three hippocampus samples with different
voxel sizes and MRI acquisition parameters.

tal bore scanner (Varian Inc, Palo Alto, CA) using a 70mm
ID TEM transmit/receive volume coil (Insight Neuroimag-
ing Systems, Worchester, MA). Samples were placed in leak-
proof bags and wrapped with plastic to fit snugly inside the
coil. We used a multi-slice spin echo sequence with TR/TE
= 5s/25ms and 0.2mm slice thickness. An oblique slice plane
was chosen to cover the hippocampus with as few slices as
possible (around 130 slices for most images). The phase en-
code direction was from left to right and the readout direction
followed the long axis of the hippocampus. The field of view
was typically 60mm x 90mm, with matrix size 300 x 300,
yielding 3D images of 0.2mm X 0.3mm x 0.2mm resolution.
Samples were scanned over 12 — 16 hours with 32-44 aver-
ages. One sample was scanned at (0.2mm)? resolution with
225 averages over 63 hours.

2.2. Manual Segmentation

Reconstructed MRI images were segmented by one of the
authors (JP) using the Duvernoy atlas as a reference [10].
The layered structure of the hippocampus is clearly visible in
these images (Fig. 1). The most distinct features are the outer
boundary of CA and the dark layer consisting of the vestigial
hippocampal sulcus (VHS) and stratum radiatum (SR). The
boundaries between the DG, the VHS on one side, and the
inner portion of CA on the other, are also visible in many lo-
cations. The boundaries between the subfields of the CA, and
between CA1 and the adjacent subiculum are not visible, and
the separation has to be made based on position and shape,
rather than intensity.

Tracing was performed in three orthogonal view planes
using ITK-SNAP (itksnap.org). Five subfields were labeled:
CA1, CA2 combined with CA3, CA4, VHS combined with
SR and DG. Most of the time was spent labeling in the coronal
plane, with verification in the sagittal plane. Segmentation
is very labor-intensive, requiring about 20-40 person-hours,
depending on the resolution of the images.
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2.3. Atlas Generation

Combining image data from multiple samples into a common
atlas allows us to generate a model of “average” hippocampal
anatomy, to boost signal-to-noise ratio, and to study varia-
tions in hippocampal structure across subjects. In building an
atlas, we follow the work of Guimond and others [11, 12, 9]
by searching for a synthetic image that can be nonlinearly
registered to each of the input images with minimal total de-
formation. Registration follows the Symmetric Normalization
(SyN) framework [13]. Given an image match metric I1, regis-
tration of images I and .J seeks a pair of diffeomorphic maps
¢1, ¢ that minimize

B, J,61,62) = TT(n (%, ). T (6%, )]+

1 1
2 2
+ / ||?71(X7t)||Ldt+/ [T2(x, )| dt
0 0

&bi (X7 t)
at

Symmetric diffeomorphic maps from I to J and from J to 1
are given, respectively, by ¢5 1o ¢ and qﬁl_l o ¢a.

Registration of postmortem MRI is challenging because
images have different fields of view and because there are
many unique local intensity features in each image (vessels,
hyperintensities, imaging artifacts) that make finding one-to-
one correspondences difficult. To boost registration accuracy,
we introduce two kinds of manually generated aids: land-
marks and rough binary masks of the hippocampus. Land-
marks are placed at the two ends of each digitation in the head
of the hippocampus (digitations are folds that can be seen in
the right column of Fig. 1), as well as at the anterior-most
point of the head and posterior-most point of the tail. Binary
masks are drawn in the axial plane, where the hippocampus
occupies the fewest number of slices. Both types of aids can
can be generated in about an hour, and, in the context of a
larger study, it is much more cost-effective to generate these
aids than full manual segmentations.

Initial linear alignment of hippocampus images proved
particularly difficult. Approaches based on image forces
alone would often get stuck in local minima, yielding non-
sensical results. Thus, affine alignment was performed by
landmark matching, followed by matching of binary masks.
Subsequent atlas building involved the following algorithm
[9]: (1) use SyN to register every image to a template; (2)
average the intensity of all registered images; (3) average the
initial velocity fields ¥(x,0) of the maps from the template
to each of the images and generate a shape distance minimiz-
ing diffeomorphic update to the template shape; this step is
known as shape averaging [9]; (4) repeat step 1 using the new
shape average as the template. To make group-wise registra-
tion unbiased, Avants et al. [9] suggest using the intensity
average of affine-registered images as the initial template.
However, this requires a substantial number of images, so

subj. to Ui(di(x,t),t), i=1,2. (1)



Fig. 2. Coronal, sagittal and 3D views of hippocampus images and subfield labels for samples 1R and 2L, following affine
alignment, and for atlases computed by unsupervised deformable registration (DEF) and mask-aided registration (DEF-MSK).
Abbreviations: CA - cornu Ammonis; DG - dentate gyrus; VHS - vestigial hippocampal sulcus; SR - stratus radiatum.

that the features common to all images are more prominent
than the variation across images. Since in our case the num-
ber of samples is small, we choose one of the samples as the
initial template. We use the normalize cross-correlation im-
age match metric, which is robust to intensity inhomogeneity
present in our data.

A consensus segmentation of the atlas is generated by
warping the manual segmentations to the atlas and using the
STAPLE algorithm [14] to assign a label to each voxel. To
examine the quality of alignment, we report the overlap in
template space between the STAPLE segmentation and each
of the individual segmentations.

3. RESULTS

Fig. 1 shows three samples scanned with different proto-
cols to illustrate the effect of resolution (the lower-resolution
(0.4mm)? image was not used for atlas building). These
images have good contrast, and the edges separating the hip-
pocampus from adjacent tissue are well pronounced (e.g.,
unlike in clinical MRI, the amygdala is clearly separated
from the hippocampus). A number of imaging artifacts are
also evident: intensity inhomogeneity; hyperintensity and
small amounts of distortion at tissue-air boundaries; ringing
and motion artifacts are also present in some images.

Segmentation results for two of the samples are shown in
Fig. 1, along with two of the atlases generated by diffeomor-
phic averaging. Notice that the atlas has image characteristics
and shape similar to that of the input images. This is partic-
ularly noticeable in the 3D renderings of STAPLE segmenta-
tions, where the digitations in the head of the hippocampus
are clearly visible.

For each subfield, Fig 3 plots the average Dice overlap
between the STAPLE segmentation in atlas space and warped
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individual segmentations. Overlap is as high as 90% for
CAL1, which is the largest subfield and 80% for CA4, which
is smaller, but also the least hollow of the subfields. For other
subfields, overlap is only 60% to 70%. However, since these
subfields are very thin, even a small misalignment results in
large overlap error. The improvement given by deformable
registration over affine alignment is clear, while the benefit of
masks and landmarks is limited. Landmarks, in fact, lead to
slightly reduced overlap, while masks slightly boost overlap
in CAl and CA4 at the cost of an even slighter decrease in
the overlap of the smaller structures.

4. DISCUSSION

While the techniques described above can be readily used for
MRI-based postmortem morphometry, a higher impact would
be achieved if the atlas were to be applied to in vivo imaging
studies, such as longitudinal studies of subfield-level atrophy
in neurodegenerative disorders or analysis of differences in
fMRI activation across subfields. For this to be possible, we
need a way to register the postmortem hippocampus atlas to
in vivo MRI. The thin-slice T2-weighted turbo spin echo pro-
tocol used by [4, 6] presents a good registration target since
the dark band formed by the VHS, SR and DG is partially
visible in such images. Another potential application is to
guide automatic model-based segmentation, where we expect
a richer prior model of hippocampus shape to achieve better
segmentation accuracy.

When applying the postmortem atlas to in vivo data, one
must be cautious to account for morphological differences be-
tween the living brain and formalin-fixed samples. Cutting of
the samples may introduce additional deformations, although
we take care to leave at least lcm of tissue around the hip-
pocampus to reduce such distortion. Nevertheless, some form



© o 0 9o
o N o © -
T

Dice Overlap

o
[¢)]
T

o
~

CA1 CA2/3 CA4

DG

AFF-LM
AFF-MSK
DEF
DEF-LM
DEF-MSK

.
.
/]
]
N
]

DEF-LM-MSK

Ll
VHS/SR CA+DG

Fig. 3. Agreement between the consensus atlas labeling and segmentation of individual samples expressed in terms of av-
erage Dice overlap computed in atlas space. Six atlas-building approaches are compared: landmark-based and mask-based
affine alignment (AFF-LM / AFF-MSK), image-based deformable normalization (DEF), deformable normalization aided by
landmarks (DEF-LM), masks (DEF-MSK) and both masks and landmarks (DEF-LM-MSK).

of global shape correction will likely be necessary to account
for these differences.
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